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EXPERIMENTAL INVESTIGATION OF EVAPORATIVE HEAT TRANSFER CHARACTERISTICS FOR
R-22 AND R-407C USING THERMOCHROMIC LIQUID CRYSTAL
Seok Ho Yoon and Min Soo Kim
Department of Mechanical Engineering
Seoul National University
SeoullSl-742, Korea

ABSTRACT
Evaporative heat transfer coefficients of R~22 and R-407C (R-32/125/134a, 23/25/52 wt%) in a horizontal
smooth tube have been measured. Heat was transferred to theJefrigerant at the test section by applying electric
current directly to the stainless steel tube. Saturation temperature of refrigerant was calculated from the measured
pressure. The inner wall temperatures were calculated by one dimensional heat conduction equation from the
measured outer wall temperatures by an imaging technique using thermochromic liquid crystal (TLC). The RGB
values of TLC were calibrated by neural network theory. Experiments were conducted for heat flux of 3.6 kW/m2,
mass flux from 100 kg/m2s to 300 kg/m2s, and quality from 0.1 to 0.7. Results show circumferential variation of
heat transfer coefficients for R-22 was greater than that for R-407C.
KEY WORDS: evaporative heat transfer coefficient, refrigerant mixture, R-22, R-407C, thermochromic liquid
crystal, image processing, neural network
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INTRODUCTION

In the past decades, rapidly growing industrialization gave many environmental impacts. Global warming
and ozone depletion effects of CFC and HCFC refrigerants have driven us to find and develop new alternative
refrigerants. Extensive studies on the alternative refrigerants have already been carried out including the two phase
heat transfer research as well as the studies on system performance with new alternative refrigerants. The
measurement of two-phase heat transfer coefficients for new refrigerants comprises important portion of these studies.
Many researchers have carried out experiments on evaporation [2,4,6,7], but there are few experimental studies of
measuring circumferential distribution of heat transfer coefficients. Until now, it is usual to measure temperatures
at four locations of test section, and calculate the local average value of those to get a local heat transfer coefficient.
However, locally averaged this heat transfer coefficient is different from the averaged value over the circumference,
therefore it is important to measure a circumferential distribution of heat transfer coefficients.
The major goal of this study is to measure local circumferential heat transfer coefficients in the evaporator by
experiment, and to compare heat transfer correlation with experimental results. The inner wall temperatures were
calculated by one dimensional heat conduction equation from outer wall temperatures which were measured by an
imaging technique using thermochromic liquid crystal (TLC). The RGB values of TLC were calibrated by the
neural network theory. The advantage of measuring temperature using TLC is to get a two dimensional temperature
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Fig. 1

Schematic diagram of experimental apparatus for evaporative heat transfer test

distribution over the circumference simultaneously. In this study, R-22 and R-407C were used as test fluids.

EXPERIMENTS
Experimental apparatus for evaporative heat transfer test is designed to have a test section with TLC attached
outside, to measure circumferential distribution of heat transfer coefficients in a horizontal tube of evaporator. The
schematic diagram of experimental apparatus is shown in Fig. 1. The test rig is composed of magnetic pump for
refrigerant circulation, liquid receiver, chiller, heat exchanger for subcooling the fluid, pre-heater, mass flow meter,
and heat transfer test section. The magnetic pump circulates the subcooled liquid from the liquid receiver to the preheater. The pre-heater is installed to adjust the inlet quality of the refrigerant to the desired value. The mass flow
meter is installed before the pre-heater to measure the flow rate of the refrigerant in the liquid phase.
Figure 2 represents the schematic diagram of the heat transfer test section. Seamless stainless steel tube is
used for heat transfer test section in order to maintain electrical and thermal uniformity in the test section. Inner and
outer diameters of the stainless steel tube are 11.3 and 12.7 mm, respectively. TLC is attached on the outer wall of
the test tube and test section is surrounded by quartz tube for insulation. The thermal conductivity of quartz tube is
about one tenth of that of stainless steel tube. Therefore, heat generated in stainless steel tube is mostly transferred
to refrigerant. Heat transferred to the refrigerant at the test section is measured by powermeter. Pressure taps are
drilled at inlet and outlet positions of the test section to measure the pressures of the test section.
Mass flux and heat flux are important factors which affect evaporative heat transfer. Test section outlet
temperature was also varied to investigate the influence of refrigerant temperature on heat transfer. Experiments
2
2
2
were conducted for heat flux of3.6 kW/m , mass flux from 100 kg/m s to 300 kg/m s, and quality from 0.1 to 0.7.
While the main chiller being operated, the desired value of heat flux was applied to the test section gradually
until the steady state was reached. The measured value is transmitted to the personal computer through multichannel recorder using GPIB interlace. Data were saved into a file when the deviations of temperature, mass flux,
2
and pressure were less than 0.1 °C, 3 kg/m s, and 2 kPa, respectively. The saturation temperatures of refrigerants
were calculated from the measured pressure by using a modified Carnahan-Starling-DeSantis equation of state. For
mixtures, mass quality, which was obtained from energy balance, was used to calculate the saturation temperature.
Heat transfer coefficient is defined as in the equation (1),
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q"

h=-=---Twi- 1',

(1)

where q" is heat flux and T..,; is the inner wall temperature calculated by one dimensional heat conduction equation
from outer wall temperatures which were measured by an imaging technique using thermochromic liquid crystal
(TLC).

CALIDRATION TESTS
To measure the temperature using TLC, the calibration is required. The test section for calibration test is shown
in Fig. 3. The test section is a quartz tube, where TLC film and copper foil is attached on the inner wall of the
quartz tube. Five thermocouples is installed on the copper foil. In the tube, temperature-controlled single-phase
water flows for cooling the inner surface of the tube. Thermochromic liquid crystals used in this study are a
cholesteric-type that has an event temperature range of 10°C (red) to 20°C (blue). Color patterns that appear at the
test section are observed by CCD camera. As an illumination system, 100 W halogen lamp using ring-type optical
fiber is used. The analog image is converted to a digitized image of 640x480 pixels by the framegrabber for image
processing. Each of red-green-blue (RGB) attributes is scaled between 0 and 255.

COLOR TO TEMPERATURE TRANSFORMAION
RGB values normalized with their mathematical sum can represent the observer-independent color values.
Instead of matching RGB values obtained directly from image to the measure temperature, normalized RGB values
(rgb) are used for the calibration [1]. In this study, a neural network is introduced to formulate the relation between
color and temperature [5,9]. An exemplary neuron in the neural network is shown in Fig. 4. A neuron has an
ability to leam the relation between certain input (x;) and its corresponding output (j). The weighting coefficients
(w;) for the neuron are obtained to minimize the errors between calculated and measured values. The structure of
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Cross sectional view of the test section
for heat transfer test

Fig. 3
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Fig. 4 A neuron used to transform color to temperature
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Fig. 5

Neural network used for calibration

neural network used in this study are depicted in Fig. 5. Normalized RGB value (rgb) and measured temperatures
( ~) are used for optimization. Once the optimized weighting coefficients are obtained, neural network calculates
the temperature using normalized RGB values.

EXPERIMENTAL RESULTS AND DISCUSSION
Circumferential variations of inner wall temperature and heat transfer coefficients at several qualities for R-22
and R-407C were obtained. Figures 6 and 7 shows inner wall temperatures, refrigerant temperatures, and wall
superheats with respect to quality for R-22 and R-407C. In the incipiency of evaporation, wall superheat turned out
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Fig. 6

(b) R-407C
(a) R-22
Circumferential variation of inner wall temperatures at quality near 0.25 for R-22 and R-407C
- - Inner wall temperature ("C)
Saturation temperature ("C)

O(degree)

O(degree)

90

270

90

210
180

180

(b) R-407C
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Fig. 7

Circumferential variation of inner wall temperatures at quality near 0.5 for R-22 and R-407C
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to be low. As evaporation proceeds, wall superheat becomes higher until annular flow is acquired. In the annular
flow region, thinned liquid layer makes wall superheat lower. !Therefore, wall superheat decreased in this region.
Circumferential variation of heat transfer coefficient for R-22 are shown in Fig. 8 (saturation pressure of 680
kPa, mass flux of 200 kg/m2s, and heat flux of 3.6 kW/m2). For R-22, the heat transfer coefficient at the top is
greater than that at the bottom, because of the different liquid film thickness due to gravity. Circumferential variation
of heat transfer coefficient for R-407C are shown in Fig. 9 (saturation pressure of 760 kPa, mass flow rate of 200
kg/m2s, and heat flux of 3.6 kW/m2). A circumferential variation of wall temperature and heat transfer coefficient
for R-407C was very different from that of R-22. The heat transfer coefficient for R-407C at the top is slightly
higher than that at the bottom, which is due to the combining effects of film thickness and the preferential
evaporation at the interface. This phenomenon is due to the composition difference between the top and bottom.
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Fig. 10 Variations of averaged heat transfer coefficients with respect to quality and comparison
with Gungor and Winterton's correlation for R-22 and R-407C
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Figure 10 shows the test results were compared with the correlation by Gungor and Winterton[3]. For
mixtures Thome and Shakir correction factor(8] was used. Locally averaged heat transfer coefficient was 22.6%
higher than the correlation for R-22, and 16.4% lower than the correlation for R-407C. Single data point
representing measured heat transfer coefficient in Fig. 10 is the average of 36 data points measured along the
circumference. The test results have a similar trend with the correlation by Gungor and Winterton(I987).
Therefore, measurement using thermochromic liquid crystal is usefuL

CONCLUSION S
Evaporative heat transfer characteristics of R-22 and R-407C(R-3211251134a, 23/25/52 wt%) through
experiments have been investigated experimentally. Experimental results were compared with a correlation of heat
transfer coefficient by Gungor and Winterton(1987). Some concluding remarks are as follows.
(I) A circumferential variation in wall temperature and heat transfer coefficient for R-407C was very different from
that of R-22. For R-22 the heat transfer coefficient at the top is greater than that at the bottom, because of the
different liquid film thickness due to gravity. On the other hand, the heat transfer coefficient for R-407C at the top is
slightly higher than that at the bottom, which is due to the combining effects of film thickness and the preferential
evaporation at the interface.
(2) To measure the outer wall temperature in an evaporator, the TLC film was attached to test section outer walL To
measure the two dimensional wall temperature distribution in an evaporator, temperature measurement using
thermochromic liquid crystals was usefuL
(3) Measured experimental data were compared with the correlation of Gungor and Winterton(1987), and locally
averaged heat transfer coefficient was 22.6% higher than the-correlation for R-22, and 16.4% lower than the
correlation for R-407C.
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